ABSTRACT
INTRODUCTION
Synthetic-Aperture Radar(SAR) [2, 31 is an imaging technique that achieves high azimuth resolution by exploiting the relative motion between the (airborne or spaceborne) vehicle-mounted radar antenna and the observed target field. This is carried out by coherently processing the returned radar signals so as to synthesize the effect of a larger aperture array laid out along the vehicle's path of motion. However, any imprecision on the motions of either the antenna or the target field will cause current SAR processing techniques to exhibit undesirable blurring and object-displacement artifacts. Here, we present an estimation-theoretic approach for reducing motion effects. Our approach may be viewed as a multi-dimensional matched-filter, whose parameters are determined by the relative motion between the SAR antenna and the target. In contrast to similar multi-dimensional matched-filter methods, we propose a fast and easily implementable solution. .' 
TOMOGRAPHIC SPOTLIGHT-MODE SAR IMAGING MODEL
We consider the pulsed spotlight-mode SAR (moving with velocity v, and imaging a target field centered at range R, from the radar's flight path) shown in Figure 1. We assume that the SAR system transmits a total of 2K pulses over a "dwell" time of 2T (which implies that the length of our synthetic antenna array is given by L = 2vT).
In 1983, Munson [6] formulated a relationship between the tomographic reconstruction problem and the spotlight-mode SAR imaging problem. The basic idea behind his formulation was that we can describe a given received spotlight-mode radar signal as the convolution of the corresponding transmitted signal with the tomographic projection of the illuminated target-field's complex-reflectivity density. In relation to our SAR imaging geometry, if at each time instant t k = IC$ = ICAtl.' we transmit a signal sT(t -t k ) , the correspond- 
Here, p(r,O(tk)) (usually referred to in the SAR literature as a range profile) is the tomographic projection (as a function of the "relative range)) r , and the the SAR's "look angle" e(tk) = tan-' (Wtk/&)), of the 3-0 target-field reflectivity density g(x, y, z ) in the socalled "slant-plane" coordinate system. If we make the assumption that the slant-plane height z of all targets in the illuminated target field are much less than the center range distance R, (and if we neglect target occlusion and "shadowing" effects), we can approximate the projection p(r, O(tk)) by
Here, the 2-D reflectivity density g(z,y) is given by the projection of the 3-D reflectivity density g(x, y, 2 ) upon the slant-plane given by z = 0. In other words, we are throwing away all height information about the target field. The key implication of the "slant-plane" assumption is that we can approximate the actual threedimensional imaging geometry of If we assume that the distance R, is "large" compared t o both the length of the synthetic aperture and the effective radius of our illuminated target-field, we can express sR(t -tk) as (after integrating with respect to the range variable
The value of the projection p(y', O(tk)) at a given ?elative range" y' = 9 cos(O(tk)) -x sin(O(tk)) is given by the line integral of g(x, y) along the line 2' = x cos(O(tk)) +y sin(O(tk)). We are essentially assuming that the farfield wavefront from the SAR antenna is a straight line perpendicular to the radar's "line-of-sight" .
ESTIMATION-THEORETIC CONSTANT-VELOCITY MOVING-TARGET SAR DATA MODEL
For the tomographic SAR data model discussed previously, the target field reflectivity density was assumed to be time-invariant and continuous. However, for many moving-target imaging applications, the target-field's reflectivity is now (by definition) time-varying, but can be modeled by a finite, discrete set of complex amplitude moving ideal point-scatterers. If we assume that the velocity of the point-scatterers is much less than the speed of light, and if we assume that the duration of the transmitted radar pulses is much less than Given the previously-derived relationship for the received SAR signal, we can now develop an estimationtheoretic model for the "demodulated" SAR data (for the case of idealized moving "point-scatterer" targets).
For our SAR imaging model, we assume that the radar transmits (at time tk) a broadband "chirp" signal of the form where Tp is the pulse-width, f c is the center frequency, and a is the chirp rate. The received signal can be written as
The signal, sR,(t-tk), is a reference "chirp" (which describes the return from a point scatterer located at the origin of the target-field coordinate system), while the signal f ( t , tk) is an (analog) complex baseband signal.
Let i = t -tk , and sample at in = 9 where 9 5 n 5 G. In the literature, in is usually referred to as the "fast" sampling time [l, 21, while tk = = is usually referred t o as the "slow" sampling time (where the "dwell" time of the SAR system is given by 2T, and and the total number of transmitted radar pulses is given by 2K). If we now assume that the velocity of each moving point scatterer is constant over the SAR's We can now write an estimation-theoretic model for the moving-target SAR data by including both an additivenoise term q[n, IC], plus a multiplicative-error term sei [n, IC] (which include any higher-order phase-error terms which are neglected by constant-velocity SAR We model both the additive noise and the point-scatterer reflectivities Ai as zero-mean and circularly-complex Gaussian.
MATCHED-FILTER SAR PROCESSING
The estimation-theoretic moving-target SAR data model developed in the previous section implies that we can generate a complex four-dimensional (4-D) 
Pixel-wise Matched-Filter Algorithm
In its general form, the four-dimensional (4-D) motion compensated matched-filter SAR processing algorithm represents a severely under-determined problem, since we are assuming a multiplicity of scatterers (with independent velocities) at each spatial location (z,y) = ( n z A z , n y A y ) . In other words, we are attempting to estimate ( N x 2K)P parameters ( P > 1)
from N x 2K complex data-points. One means of somewhat regularizing our problem would be to assume that we only have a single moving scatterer at each range-azimuth spatial location (which is a reasonable assumption, provided that we do not have a "bright" scatterer occluding another "bright" scatterer at tk = 0). This implies that for a moving scatterer with an initial azimuth and range location given by (xi, yi) = (n,; A,, nyi Ay ), we can simplify the matched filter integral to the following expression Our estimated scatterer intensity is then proportional to the maximum of L[nxi,nYi,nk,nj] over n; and n j , i.e., where and where 1.1 corresponds to the absolute-value operator. The corresponding maximum-likelihood estimates of the scatterer velocities are given by
In other words, for a given range location, n y A y , and a given azimuth location, n x A x , the estimated scatterer intensity is proportional to the maximum of the likelihood function over the velocities n;A; and n&.
Note that the matched-filter algorithm still assumes that the scatterer velocities are spatially independent across range and azimuth.
Implementation of the Pixel-wise MatchedFilter Algorithm
Rather than directly evaluating the pixel-wise matchedfilter integral (which can be computationally prohibitive), we use the following fast and easily implementable solution (with equivalent performance). We first reparameterize the complex SAR data to form the following discrete space-time multi-dimensional signal
where k is a spatial-frequency vector given by k = It can be shown that the pixel-wise matched-filter integral is exactly equivalent to the following multidimensional spatio-temporal Fourier Transform [4] (20)
. This reformulation clearly improves the computational efficiency of the motion compensated SAR technique, since the spatio-temporal FT can be calculated by standard "fast" multi-dimensional FFT algorithms.
RESULTS
Here, we present an example of the motion-compensated imaging capabilities of the pixelwise matched-filter algorithm. For this example, we have have six "synthetic" moving point-scatterers with the following constant velocity trajectories: These synthetic point-scatterers were then embedded in an actual SAR image (which contained two stationary "bright" scatterers). For generating the synthetic moving scatterers, the SAR platform velocity was chosen to be w = 100m/s, while the "dwell time" was chosen to be 2T = 1.0s. The "center range" R, was chosen to be 2800m. The pulse-repetition frequency f p R F was chosen to be 512 pulses/s, with a carrier wavelength of A, = 0.009m (which corresponds to a center carrier frequency of f c = 33GHz). The bandwidth of the transmitted chirp signal was chosen to be aTP = 1.2GHz. A magnitude plot (in dB) of the resulting likelihood function is shown in Figure 4 . As compared to a conventional SAR image (shown in Figure 3) , all of the six moving scatterers are clearly visible and distinct (as well as the two "bright" stationary scatterers). The corresponding maximum-likelihood estimates of the scatterer velocities are shown in Figure 5 and Figure 6 . 
